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Abstract
We report the observation of a skyrmion lattice in the chiral multiferroic insulator Cu2OSeO3 using Cu
L3-edge resonant soft x-ray diffraction. We observe the unexpected existence of two distinct skyrmion sub-
lattices that arise from inequivalent Cu sites with chemically identical coordination numbers but different
magnetically active orbitals . The skyrmion sublattices are rotated with respect to each other implying a
long wavelength modulation of the lattice. The modulation vector is controlled with an applied magnetic
field, associating this Moire´-like phase with a continuous phase transition. Our findings will open a new
class of science involving manipulation of quantum topological states.
PACS numbers: 12.39.Dc, 78.70.Ck
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Topologically protected novel phases in condensed matter systems are a current research topic
of tremendous interest due to both the unique physics and their potential in device applications.
Skyrmions are a topological phase that in magnetic systems manifest as a hexagonal lattice of
spin-vortices. Like its charge counterpart, the Majorana fermions in topological insulators [1],
or superconductor junctions for quantum computing applications [2], skyrmions are a potential
candidate for spintronic-based information processing with the advantage that they can be moved
coherently over macroscopic distances with very low currents [3, 4]. Understanding the funda-
mental physics and mechanisms for controlling their dynamical properties are important scientific
challenges.
Skyrmions were first discovered in MnSi alloy using neutron scattering, which was followed
by real space maps of these particle-like states using Lorentz TEM [5, 6]. A major breakthrough
came when skyrmions were discovered in Cu2OSeO3 which is a multiferroic insulator [7]. This
opened up the possibility of manipulating the skyrmions with electric field, but at the same time,
it also became imperative to understand how different orbitals stabilize the skyrmionic phase. In
this report we exploit the orbital sensitive aspect of resonant x-rays to unravel the electronic origin
of the skyrmions. As a function of incident photon energy a rotational splitting of the skyrmion
satellite peaks was observed that could be controlled by an external magnetic field. The coupled
response of these sub-lattices to external magnetic field suggests a secondary interaction term that
has not been predicted.
Cu2OSeO3 is a cubic insulator with the same B20 space group symmetry as MnSi alloys. The
local magnetic structure is primarily ferrimagnetic. The two ferrimagnetic sublattices are formed
by spins on Cu-atoms with different oxygen bonding geometries: specifically Cu sites that are
connected to square pyramidal or trigonal bipyramidal oxygen ligands [7, 8]. Helical magnetic
phases arise from a combination of symmetric spin-exchange interactions, such as those that lead
to ferromagnetism, and antisymmetric exchange resulting from a Dzyaloshinskii-Moriya interac-
tion [9, 10]. In materials within a certain symmetry group - noncentrosymmetric, nonpolar, cubic
materials - spiral spin phases develop along the three primary axes as a result of these interactions.
Application of a magnetic field breaks the symmetry of the ground state, and results in a stable
topological phase (within a narrow range of temperatures and applied fields) consisting of periodic
magnetic vortices, known as the skyrmion phase.
The insulating nature of Cu2OSeO3 makes it somewhat unusual in the family of magnetic
skyrmion materials, in that the lack of conductivity means the mechanisms for controlling the
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skyrmions may differ from those in metallic skyrmion systems. Recent experiments have shown
that in a metallic compound such as MnSi, the skyrmions can be manipulated using small electric
currents [3]. Electric-field induced rotation of the skyrmion lattice has been previously demon-
strated in Cu2OSeO3 [11], while measurements of the dielectric function indicate that the sample
develops a spontaneous ferroelectric polarization along the [111] direction in response to an ap-
plied magnetic field in the same direction, which indicates some degree of magneto-electric cou-
pling [7, 8]. Additionally, like MnSi, the skyrmion phase in Cu2OSeO3 can be stabilized only in a
small region below the critical temperature illustrating the importance of strong spin-fluctuations
in the creation and stabilization of the phase [5, 7].
Resonant x-ray scattering experiments were performed at the Advanced Light Source, Lawrence
Berkeley National Laboratory. The scattering geometry and relative orientation of the applied
magnetic field is shown in Fig 1(a). We tuned the incident sigma polarized x-ray beam to the Cu
L3 edge and aligned the (001) lattice Bragg peak scattering signal into the detector. Figure 1(b)
shows camera images of the diffraction peaks from the skyrmion phase at T = 57.5 K with a field
of 20 mT applied in the vertical direction. The vertical field direction corresponds approximately
to the (011) lattice direction in the diffraction geometry. The magnetic peaks appear as satellites at
(0 0 1) ±τ around the (0 0 1) lattice Bragg peak, where τ represents the q-vectors for the magnetic
ordering. A beam block was placed in front of the camera to eliminate the (001) lattice peak, and
an image taken above TC was subtracted to further enhance the contrast of the magnetic peaks.
We observed two fold symmetric satellite peaks around (0 0 1) ±τ , with τ = (0.103, 0, -0.04)
nm−1, arising due to the helical phase at T = 40 K and zero applied field.
At T = 57.5 K and an applied magnetic field of 20 mT we observed the existence of the six-fold
symmetric Bragg peak due to the skyrmion lattice (Fig 1(b)). The skyrmion structure forms in a
plane perpendicular to the applied field direction [5, 9] and the diffraction peaks show a distortion
along the sample surface due to the projection of the skyrmions onto the (001) plane. The size of
the distortion is determined by the angle subtended between the surface normal and magnetic field
direction as shown in Fig 1(a). This geometrical effect causes a reduction of the surface q-vector
perpendicular to the x-ray direction, and leads to a compression of the six-fold symmetry in the
camera image. Accounting for this distortion, the calculated q-vectors for both the helical and
skyrmion phase correspond to a periodicity of 59.5 ± 5 nm, consistent with published values [4].
Figure 1 (c) shows the helical/skyrmion phase diagram as determined by our scattering mea-
surements with a vertical applied field. Figure 1 (d) shows the intensities of the helical, conical
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FIG. 1. (a) Schematic diagram of scattering geometry. The diffracted beam is captured by the CCD detector.
The magnetic field direction is fixed in the laboratory reference frame. (b) Camera image showing five
skyrmion diffraction peaks at 57.5 K with a 20 mT field applied vertically (By); the sixth peak is off camera.
For clarity, the (001) lattice peak has been subtracted out. (c) Phase diagram of the skyrmion (red) and
helical (blue) peaks as a function of temperature and vertical applied field. (d) Intensity of conical and
skyrmion peaks as a function of field along (1 0 0) at 57.5 K.
and skyrmion peaks for a field applied along the (100) lattice direction, with the sample initially
in the helical state aligned along (001). Above the 5 mT de-pinning threshold, the conical phase
aligns along (100), resulting in a peak at (|τ | 0 1). At higher fields, the skyrmion phase appears as
a peak at (0 0 1 + |τ |) that results from scattering off of the skyrmion columns aligned along (100).
Further increase in the applied field re-establishes the conical phase. We observed peaks from the
skyrmion phase for all available orientations of the applied field, i.e. for field applied either along
the x, y or z direction of the laboratory coordinate axes, thereby indicating the robustness of the
phase.
As a function of applied magnetic field, we observed that the peaks from the skyrmion structure
split into two distinct sets, distinguished by the resonant photon energy, with both displaying
six-fold symmetry. Figure 2(a) shows the full six-fold structure at a photon energy of 933 eV,
where both sets of peaks are visible. Individual Bragg peaks within each set are separated by 60
degrees in the plane perpendicular to the applied field and remains consistent with the six-fold
symmetry discussed above. The evolution of the double-peak structure is evident from the energy
dependence of the two peaks, shown in figure 2(b-f). The maximum amplitudes of the peaks are
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FIG. 2. Camera images showing dual-peak skyrmion structure. (a) Five sets of peaks, taken at 933 eV, are
highlighted by the white ovals. The dotted line represents fixed |τ | contour. All the five pairs reside on the
dotted line indicating that there exists in the sample two hexagonal lattices of skyrmions, each being offset
by an in-plane rotation. (b)-(f) Evolution of the double peak as a function of the incident photon energy and
fixed q. (h) Integrated peak intensities as a function of photon energy showing two different peak energies
for the two rotated skyrmion lattices at fixed q.
separated in photon energy by 2 eV which suggests that the two sets of peaks arise from the
two inequivalent Cu (CuI and CuII) sites in the Cu2OSeO3 unit cell. In addition to differences in
Cu-Oxygen ligand geometry that affect the crystal field energy of the 3d orbitals, the inequivalent
Cu sites have different magnetically active d-level orbitals; for the CuI site the valence hole is
dz2 , while for CuII the hole is dx2−y2 [10]. The probability matrix elements of the 2p → 3d
transition are dependent on the spatial overlap of the core level and valence orbital. For the L3
transition, the core levels are 2p3/2 states that are further split (mJ orbitals) by exchange and spin
orbit interactions [12, 13]. The difference in d-orbital symmetry between the CuI and CuII sites
gives rise to dominant transitions from different mJ states, resulting in a shift of the peak transition
energy. These two sets of peaks are therefore representative of the two magnetic sites that make
up the ferrimagnetic spin alignment in Cu2OSeO3.
Along with the peak symmetry, figure 2(a) shows an arc representing constant amplitude of the
skyrmion wavevector. All of the observed peaks fall on this arc, indicating that the periodicity of
the skyrmion from each of the Cu sublattices is the same and that the symmetries of both peak sets
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FIG. 3. Skyrmion peak splitting as a function of applied field. The data shown were taken at an incident
x-ray energy of 932 eV.
are coplanar. The two sets of peaks therefore occur because one skyrmion lattice is rotated relative
to the other in the plane perpendicular to the applied field. This is consistent with the hierarchy of
free-energy contributions observed in other skyrmion systems, where the 〈M2〉2 term in the free
energy expansion favors a six-fold symmetry in the plane, but pinning of the in-plane angle of the
six-fold structure is weak [5].
In figure 3 we show the evolution of the skyrmion peak structure with applied magnetic field. At
lower fields, a single peak is present; this peak separates into two at higher fields, with increasing
separation as the field is increased. This is remarkable because now we can use a magnetic field
as a tool to control the relative spatial configuration of the skyrmion sublattices. The rotation and
superposition of two periodic structures creates a Moire´ pattern, and therefore the in-plane rotation
of the two skyrmion sublattices implies a long-wavelength variation in the local magnetic moment.
For small angular separation φ between anti-aligned magnetic sublattices ~M1 and ~M2, the mag-
netization along the applied field B can be written in cylindrical coordinates as:
Mz(r, θ) =
3∑
n=1
[(M1 −M2)Cos(qrCos(
2πn
3
− θ))
− (M1 +M2)Sin(qrCos(
2πn
3
− θ))Sin(qrSin(φ)Sin(
2πn
3
− θ))]
Here q is the magnitude of the skyrmion wave vector, and M1 and M2 are the two ferrimagetic
sublattice magnetizations, with magnitudes that occur in a three-to-one ratio in Cu2OSeO3. The
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FIG. 4. Top left: Schematic of the relative rotated positions of CuI and CuII sublattice contributions
to the x-ray diffraction images shown in figure 2. Bottom inset: Spin configuration on the length scale of
individual skyrmions (red up, blue down). The local magnetization on this length scale is relatively constant,
with only long-range changes to the ferrimagnetism. Right: Calculated long-range spatial modulation of
the overall spin along the magnetic field, corresponding to a Moire pattern arising from the relative rotation
of two skyrmion lattices as shown in the diagram on the left. The plot shows the spatial configuration
corresponding to a 2.4 degree relative rotation.
sum represents the three q-vector directions. Note that the sublattice rotation preserves the six-
fold symmetry, and the standard skyrmion lattice is recovered for φ → 0. The long-wavelength
modulation of the magnetization is represented by the second term, and has a wavevector of
q′ = qSin(φ). For the φ measured in figure 3(d), this corresponds to a period of 1.2 microns,
or approximately 20 periods of the skyrmion lattice. The resulting long-range structure is illus-
trated in figure 4.
We propose the following explanation for the relative rotation of the skyrmion sublattices.
The Cu2OSeO3 unit cell contains 9 CuI and 3 CuII atoms with complex magnetic interactions
[10, 14]. When a magnetic field is applied, the spins within the unit cell can lower the magnetic
energy by canting or reorienting the spins along the applied field direction, with some cost to the
local exchange energies. We note that the exchange is frustrated, with an observed metamagnetic
transition at fields similar to those at which we see the rotation of the skyrmion diffraction peaks
[8].
As we observed the splitting changing as a function of magnetic field, we propose that cant-
ing of the magnetization or spin reorientation within the unit cell leads to a favorable long-range
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modulation of the ferrimagnetism resulting from spin-orbit interactions. This implies a term with
symmetry M ×δMz (B) in the local energy that tilts the spin plane of one sublattice relative to the
other (see supplemental for further discussion) [15]. Additionally, higher-order terms in the phe-
nomenological Ginzburg-Landau expansion related to the spin-orbit coupling favor modulations
of the ferrimagnetism [16]. We note this rotation does not break any symmetry, as the skyrmion
state already has a preferred handedness.
Near the upper critical field of the skyrmion phase, the magnetic system is near the threshold
for conical spin alignment, where the Zeeman energy overcomes the M4 energy minimization
that occurs in the skyrmion state. The sublattice rotation preserves the skyrmion state, and hence
the decrease in energy of the M4 term, while still minimizing the Zeeman energy. Additionally,
the long-range nature of the fluctuation minimizes distortion of the ground-state spiral structure.
The fluctuations are long-range and therefore conserve the local spin symmetry, indicating that
the interaction that causes the rotation is smaller than the interactions that stabilize the skyrmion
phase.
To gain insight into the slowly fluctuating nature of the skyrmion lattices, we have performed
time-lapsed x-ray scattering measurements. After stabilizing the sample temperature to 57.5 K
± 25 mK, we took images of the skyrmion peaks at 20 second intervals to track the thermally
induced motion of the structure. In Fig 5 (a - d) a series of snapshots every 15 minutes are shown.
Interestingly, we found that both the helical as well as the skyrmion peak show rotational motion
as a function of time. We note that this observation is quite different from what has been reported
so far, where either an electric current or temperature gradient was identified as the reason for the
motion [3, 17, 18]. We observe the rotational motion at an equilibrium temperature and magnetic
field, suggesting that the photocurrent due to x-rays could be the cause.
As shown in Fig 5(e), we have plotted the in-plane angle of one skyrmion and one helical peak
as a function of time. The skyrmion peak shows a counter-clockwise rotation (200 to 1200 s)
before a reversing direction and rotating clockwise (1200 to 3500 s). The motions are not contin-
uous but rather start and stop abruptly. For the skyrmions, we found that the sense of rotational
motion can even change direction, which points to the intermittent nature of the dynamics. During
the intermittent rotation of the skyrmion lattice, the relative angular separation between sublattice
peaks does not change; both the peaks move in unison. This indicates the energy scale of the peak
splitting is larger than the skyrmion lattice anisotropy energy.
The observation of skyrmions with x-rays immediately opens up new class of science involv-
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FIG. 5. (a - d) Camera images of skyrmion peak at fixed temperature and field. The white oval indicates the
position of the peak at frame 1. (e) Time scans of the clocking angle of the skyrmion and helical structures.
ing equilibrium and non-equilibrium behavior of the skyrmions. Particularly interesting will be
chemical contrast specific measurements towards understanding the mechanisms to control and
reconfigure the rotated skyrmion states to create new topological phases. Dynamical x-ray mea-
surements will allow for study of the electric-field induced changes to the skyrmion lattice, relevant
to spintronic applications, and time-domain measurements of the forced annihilation of skyrmions
and corresponding creation of monopoles, e.g. through laser excitation.
The work at LBNL, including experiments at ALS, was supported by the Director, Office of
Science, Office of Basic Energy Sciences, of the U.S. Department of Energy under Contract No.
DEAC02-05CH11231. The work of J.L. and X.S. was partially supported by the U.S. Department
of Energy, Office of Basic Energy Sciences, Division of Materials Science and Engineering under
Grant No. DE- FG02-11ER46831.
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Supplementary Material for
“Coupled skyrmion sublattices in Cu2OSeO3”
SKYRMION SUBLATTICE ROTATION
The magnetic field dependence of the the skyrmion sublattice rotation implies an interaction
between a magnetization along the field direction resulting from canting and a long range modu-
lation of the ferrimagnetism. We discuss this interaction using a simplified local Hamiltonian and
in the context of a Ginzburg-Landau (GL) free energy expansion.
A full local Hamiltonian would need to account for all exchange and DM interactions between
the unit cell copper spins [1, 2]. For a more qualitative description, we consider a simplified
hamiltonian, treating the unit cell spins as effective on-site magnetizations of the Cu-I and Cu-II
sublattices with effective long-range exchange and Dzyaloshinskii-Moriya (DM) interactions.
H = −
∑
i,j
JI
(
m
(I)
i ·m
(I)
j
)
+JII
(
m
(II)
i ·m
(II)
j
)
−K
(
mIi ·m
II
i
)
+DI ·
(
mIi ×m
I
j
)
+DII ·
(
mIIi ×m
II
j
)
+B·
(
mIi +m
II
i
)
(1)
The result of the application of a magnetic field B is to cant the magnetization vectors toward
the field direction. In this simplified model, canting of individual spins in the unit cell can also
lead to differential changes in the length of the vectors mI and mII , effectively altering the local
ferrimagnetism.
In the case where the on-site antiferromagnetic interaction dominates, a single spiral will form
along the direction of the net anisotropic DM exchange, i.e. the spins align in planes perpendicular
to D. This is consistent with what we observe experimentally in the helical and conical phases.
A relative rotation of one sublattice is a local tilt of one spin plane relative to the other. Adding a
term to the Hamiltonian with symmetry M × δMz (B) gives a rotation dependent on the applied
field, where δMz (B) is the change in magnetization resulting from spin canting. This term will
change the direction of the net anisotropic exchange without significant changes to the amplitude
of the wave vector. This term has a symmetry similar to that of the spin-orbit coupling driven DM
interactions, and can act preferentially on one sublattice either through differences in the magni-
tude of the canted moment or through differences in the coupling between the canted moment and
spiral spin-ordering. We note that there are multiple DM interactions within the unit cell and the
exchange is frustrated. Hence a single DM vector is unlikely to describe all modes of the system.
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In the conical state, this term adds an extra anistropy and changes the symmetry. In the
skyrmion phase, the change in q is equivalent to a sublattice rotation; in this phase the rotational
symmetry is already broken by the preferred handedness of the skyrmion, set by the sign of the
DM term.
MAGNETIC FREE ENERGY
The interaction between the canting and long-range ferrimagnetic modulation can be described
in the GL expansion by adding higher-order terms related the spin-orbit coupling (SOC) [3]. We
consider the following free energy, assuming that the system remains in the skyrmion phase with
six-fold symmetry, therefore ignoring the M2 and M4 and keeping only the terms that affect the
wave vector and symmetry of the skyrmion.
F = (J/2)(∇Mi)
2 +DM · (∇×M) +K (MI ·MII)− B ·M + A
∑
i
Mi · (∇Mi) (2)
Here, M represents the total magnetization of the two sublattices, M = MI +MII , and we’ve
added a term with coefficient K to represent the on-site antiferromagnetic coupling between the
sublattices. The term with coefficientA represents a SOC term that favors a modulation of the total
magnetization. We ignore the next highest order term in the SOC, included in [3] to bound the total
magnetization, as this is bound in our case by fixing the sublattice magnetizations. Canting within
the Cu2OSeO3 unit cell provides the necessary degrees of freedom for the system to remain in the
skyrmion phase, while still minimizing this free energy term by modulating the magnetization.
The magnetic field dependence of the rotation results from the development of a magnetization
δMz, which changes the energy of the A term through δMz · (∇Mz) and lowers the energy for
modulations of Mz .
To analyze the free energy, we numerically integrate the free energy terms for different rotation
angles and canted magnetic moments. The angular dependence of the K, A, and B terms are shown
in figure ??. The B term of the free energy (Fig. ??(a) naturally has a strong dependence on the
canted moment, with a weak dependence on the relative rotation of the skyrmion lattices. The K
term (Fig. ??(c)), and similarly the J and D terms, has a small dependence on the canted moment
but depends strongly on the rotation angle. The SOC term (Fig. ??(b)) couples the canted moment
and rotation angle, favoring a rotation away from φ = 0, with an energy scale sensitve to δMz .
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FIG. S1. Angular depedence of (a) TheB ·M term. (b) The A∑iMi · (∇Mi) term. (c) TheK (MI ·MII)
term. Note the scaling is arbitrary. Red and blue dots correspond to a uniform δMZ of 0.05 (red) and 0.1
(blue).
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